Abstract-An alternative explanation for the oxygen isotope anomaly observed in high-tem perature inclusions of carbonaceous chondrites is proposed. Just as the main features of the variation of the isotopic compositions of the rare gases in carbonaceous chondrites can be explained in terms of the alterations due to the processes of a) mass-fractionation and b) cosmic-ray irradiation, the pattern observed by CLAYTON et al. (1973) in their plot of 5170 v. 5180 for high temperature minerals of Allende, Murchison, Murray, etc., is explained as due to a combination of the processes a) and b), which occurred during the early history of the solar system. An `early' irradiation of the solar system materials must have taken place, while the rare gases were beginning to escape from the meteorite parent bodies.
INTRODUCTION
have discovered that the oxygen of anhydrous, high tempera ture minerals in carbonaceous chondrites is strongly depleted in the heavy stable isotopes 170 and 180 . They concluded: `(a) The effect is nuclear, rather than chemical, and probably resulted from admixture of a component of almost pure 160; (b) if so, this component may pre-date the solar system, and may represent interstellar dust with a separate history of nucleosynthesis; and (c) matter which had undergone only a-process reactions would contain only integral-nuclei, such as 12C, 160, 20Ne, 24Mg, 28Si , so that large effects should be identifiable in the isotopic abundances of magnesium and silicon.' LEE and PAPANASTASSIOU (1974) then found a small magnesium anomaly in a number of samples from the carbonaceous chondrite Allende, but the shifts were much smaller than those found in oxygen.
Moreover, there was no direct correlation with the oxygen anomalies in that the samples with large oxygen anomalies showed no magnesium anomaly. KURODA et al. (1975) , on the other hand, have recently reported that the xenon and oxygen isotope anomalies observed in carbonaceous chondrites may be related to each other (see also, KURODA, 1975) . They suggested that an early irradiation of the solar system materials may have resulted in the alterations of the isotopic compositions of oxygen in mineral inclusions of the meteorites.
The isotopic ratio data for neon, argon, krypton and xenon in carbonaceous chondrites are re-examined in the present work. According to the new interpretation of the isotope anomalies described in this paper, it appears as if the `puzzle' of the rare gases and of oxygen in the carbonaceous chondrites can be eliminated soon altogether.
EXPERIMENTAL DATA Neon Figure 1 shows a plot of S21Ne v. S22Ne for the neon fractions released from the carbonaceous chondrites Mokoia and Allende (MANUEL et al., 1972) , silicate fractions, heavily enriched in neon-E, of the carbonaceous chondrite Orgueil (EBERHARDT, 1974 ) and separated minerals of Orgueil (HERZOG and ANDERS, 1974) . The data are expressed in terms of The curves (c) and (c') show the alterations of the isotopic ratios due to the cosmic ray irradiation.
The point 0 represents the isotopic composition of the atmospheric neon and the point 0' represents the isotopic composition of a mass-fractionated atmo spheric neon, which is similar to that found in lunar fines. The Mokoia and Allende neon data lie near the curves (c) and (c'). As it has been pointed out by MANUEL et al. (1972) , the neon data can be explained in terms of the alterations of the isotopic com positions due to a combination of the processes of a) mass-fractionation and b) cosmic ray irradiation.
The data points for the neon-E-rich phase and separated minerals of Orgueil lie scattered in the area between the line (b) and the curve (c'), except the data point for MHa melt (HERZOG and ANDERS, 1974) , which lies between the lines (a) and (b). The MHa melt point lies fairly close to the line (b), which represents the condition, S21Ne = S22Ne. The neon data shown in Fig. 1 suggest that we are dealing here with neon fractions whose isotopic compositions are severely altered by the processes of mass-fractionation and cosmic-ray irradiation.
Argon Figure 2 shows a plot of S38Ar v. 836Ar for the argon fractions released from the carbonaceous chondrites Mokoia and Allende (MANUEL et al., 1972) , lunar samples (Lunar Sample Preliminary Examination Team, 1969) and several others (STAUFFER, 1961) . The data are expressed in terms of The main feature of the argon plot shown in Fig. 2 can be explained as due to the presence of a component of pure 40Ar formed by the radioactive decay of 40K, but some data points deviate from the line (b). These deviations can be explained as due to (a) mass-fractionation, (b) cosmic-ray irradiation and/or (c) neutron-capture processes. It is interesting to recall here that KURODA et al. (1971) reported that the 36Ar/38Ar ratio should vary by a factor of 1.75 within the solar system while BLACK (1969) stated that the observed trapped 36Ar/38Ar varied from about 6.4 to 3.2 or by a factor of about 2. The 36Ar/38Ar ratios in the argon fractions released from Mokoia and Allende range between the extreme values of 6.05 (Allende 800°C) and 4.20 (Allende 1,6000C).
Krypton
Figure 3 shows a plot of S82Kr v. 880Kr for the krypton fractions released from the carbonaceous chondrites Mokoia and Allende (MANUEL et al., 1972) , and from the Bruderheim chondrite (KURODA et al., 1971) . The data are expressed in terms of
The slope of the line (a) the alteration ray-irradiation. the presence of excess 80Kr and "'Kr "Br (for a more detailed discussion . 1000 (permil) . 1000 . (permil). and is + 1/2 and that of the line (b) is + 1. The curve (c) represents of the isotopic composition of the atmospheric krypton due to the cosmic The Allende data points deviate from the curve (c) upward and indicate from the neutron-capture reactions on 79Br and on this subject, see MANUEL et al., 1972) . The curve (d) represents the alteration of the isotopic composition of the atmospheric krypton by thermal neutron capture reactions on the bromine isotopes.
The variation of the isotopic composition of krypton released from the Bruderheim chondrite can be explained 
DISCUSSION
Let us now consider a set of three isotopes A, B and C of the same element and let their abundances be P, Q and R, respectively.
Let us further imagine that P > Q, R and normalize the isotopic ratios to the most abundant isotope A. Disregarding for the time being the alterations of the isotopic ratios by the processes of radioactive decay, neutron capture, etc., we may write the following equations: (Q/P)1=(Q/P)2 i1+(m2 -m1)•µ+CI (1) ,
where m 1, m2 and m3 are the mass numbers of A, B and C, respectively; the subscripts 1 and 2 refer to the ratios in the atmosphere and in the meteorite , respectively; µ is a term which may be defined as a mass-fractionation factor; and a and a are the contribu tions to the alteration of the isotopic ratios from the cosmic-ray-produced isotopes . E quations (1) and (2) When the values of S m2B and S m 3C are equal , the isotopic ratio data points fall along the li ne (b) For oxygen and neon, m1, m2 and m3 are consecutive numbers and hence the equations (5), (6) and (7) Table 1 . Fig. 8 shows the relationship between p and a/$. If the value of a/R is known for oxygen, we can obtain Table 1 . Calculated values of a; 0 and p, which p from It is worthy of note in Fig. I Of CLAYTON samples of oxygen having the 5180 value of about along the mass-fractionation line (a). According ratio in the solar nebula corresponds to a value 5180=-I± relative to SMOW, and the oxygen isotop g carbonaceous chondrites vary between the ext matrix and 11.5 for the mineral inclusions be mass-fractionated to the extent that the probable responding to 5180 = 33 permil (relative to condensation of the oxygen of high-temperature occurred for the first time from the solar nebula, th h as about -40 permil. If the condensation of hig as isotopic composito and/or during the early irradiation of the solar sy tion of the oxygen isotopes within the solar y tion unevenly.
mentally.
We are almost certain, however, that the value of a/(3 will be greater than + 1, since the abundance of 180 is about 5.5 times that of 1'0. If so, Fig. 8 fulfills the condition 8m2B = 8m3C = -50 'S180 (permil). Fig. 9 . Relationship between µ a and 0, when 8170 = 8180 = k = -50 (permil). Figure 9 shows the relationship between p, a and (i when 8170 = 8180 = k = -50 permil.
It is to be noted that p = a, when a > 13. This means that the extent to which the so-called `pure 160 component' is enriched in a mineral inclusion is related to p or the extent to which the heavier isotopes of oxygen can be mass-fractionated relative to 160 . The data obtained by CLAYTON et al. (1973) The shift of the isotopic composition of oxygen from the point Q to S in Fig. 9 requires an alteration of 8170 value amounting to about -30 permil or a change of 3 per cent due to spallation reactions during the early irradiation of the solar system materials. Such an alteration of the 170/1fi0 ratio in mineral inclusions of the meteorites does not seem to be unreasonable.
The cosmic abundance of xenon is 4.0 relative to silicon = 106 atoms (SUESS and UREY, 1956) . This corresponds to a xenon content of 6.40X 10-4 cc STP/g of rock containing 20 per cent silicon, or 5.68 X 10 s cc STP 136Xe/g. Xenon contents of carbonaceous chondrites are much less than the value corresponding to the cosmic abun dance of xenon, as shown in Table 2 . We note in Table 2 that Murray and Murchison must have lost more than 99.99 per cent of the total xenon which was originally present, while for Mokoia and Allende the xenon lost amounts to approximately 99.9999 per cent.
According to KURODA et al. (1975) , the amount of excess 126Xe in the carbonaceous chondrites can be calculated from the following equations: Q126 = p126 (1 + 100 + c126 (11), and Q134 = P134 (1 + 2p) (12), where Q's and P's refer to the 1Xe/136Xe ratios in the meteorites and cosmic-ray corrected atmospheric xenon, respectively, at mass number i; p is a mass-dependent fractionation factor; c126 is the contribution from cosmic-ray-produced 126Xe.
According to KURODA et al. (1975) , the best estimate of p116 is 0.0033, while P134 = 1.177.
Introducing the Murray values for Q126 and Q134 , and solving equations (11) and (12), we have Meanwhile, according to BOGARD et al. (1971) , an average production rate of spallogenic 126Xe in thirty one lunar rocks is 1 .3 X 10-'cc STP 126Xe per gram Ba per million years.
Using a Ba concentration of about 10 ppm for carbonaceous chondrites (GREENLAND and LOVERING, 1965) , we have an average production rate of 1.3 X 10-14 cc STP 126Xe/g/ 106 y.
The amount of cosmic-ray-produced 126Xe in Murray, 4.6X 10-"cc STP/g, thus could have been produced by the cosmic-ray irradiation, which lasted for (4.6 X 10-11) (106 ) ( 1.3 x 10-14) 3 X 109y.
The amount of 170 in a typical high-temperature mineral olivine (Mg,Si)2Si04 cor responds to 7.9 X 10-2 cc STP/g and 3 per cent of this value is 2.4 X 10-3 cc STP/g. In order to obtain a connection between the amounts of cosmogenic "0 and 126Xe in the meteorite, one must know the cosmic-ray production rate for 170. Unfortunately the data for oxygen isotopes are not available at the present time and we can only make a crude calculation based on known production rates for neon isotopes, assuming that the production rates are the same for oxygen and neon.
According to MAZOR et al. (1970), HERZOG and ANDERS (1971) and BOGARD and CRESSY (1973) , the cosmic-ray production rate of 21Ne in various carbonaceous chondrites appears to vary between 3 X 10-1 and 4 X 10-9cc STP/g/ 106 y. The amount of cosmogenic 170 which could have accumulated in Murray , while 4.6 X 10-11 cc STP/g of cosmogenic 126Xe was produced , is then (3.5 x 10-9) (3 x 109)
1.05 X 10-6 cc STP/g. (106) The amount of cosmogenic "0 thus calculated is far too small to account for the alteration of the 170/160 ratio in the meteorite due to the cosmic-ray irradiation. This discrepancy, however, is understandable, because we assumed that the cosmogenic 126Xe did not escape from the meteorite. It is more likely that a large fraction of the cosmogenic 126Xe has escaped during and/or after the early irradiation period .
A maximum amount of cosmogenic 170, which could have been produced in the meteorite can be calculated from the amount of cosmogenic 126Xe under the assumption that the early irradiation occurred prior to the escape of xenon. In this case, 1 d = 0 and hence the amount of cosmogenic "0 in the meteorite is (1.05 X 10-6) (100) (1 99.9917) 1.27 X 10-'cc STP/g, which corresponds to about 16 per cent of the amount of "0 which was originally present in the mineral olivine. If anhydrous, high-temperature minerals in carbonaceous chondrites started con densation for the first time from the solar nebula, while the solar system materials were exposed to the early irradiation process, it thus seems to be reasonable that the oxygen in the high-temperature minerals has received 3 or 4 per cent less cosmic-ray irradiation than the bulk of materials from which the earth was formed later.
The situation is quite different for neon. Unlike oxygen which can be fixed in mineral phases, neon can escape much more readily from the meteorite.
It can not be ex pected that the neon fractions released from different mineral phases would be uniformly mass-fractionated and to have a fixed value of p. The value of a/(3 for neon can be calculated from the relative abundances of 21Ne and 22Ne and the cosmic-ray production ratio to be about 33. This means that a > a and hence we have from (10), a µ.
In Fig. 1 , we note that the condition S21Ne = S22Ne is almost fulfilled in the case of Orgueil MHa melt (HERZOG and ANDERS, 1974) , when k is approximately 400 permil. Thus we have from equation (8),
The probability of finding neon fractions whose isotopic compositions are altered to such an extent that the values of a and 13 correspond exactly to 0.200 is expected to be very small.
In Fig. 1 , we see that the isotopic compositions of most of the neon frac tions in the mineral phases from Orgueil are too severely altered by the cosmic-ray spallation reactions so that the condition 521Ne = 522Ne is seldom, if ever, fulfilled.
We shall not discuss the argon data here, because the argon isotopes clearly belong to a special case whereby the most abundant isotope A is produced by the radioactive decay process of 40K. The krypton data, which are shown in Fig. 3 , are interesting in that they indicate that the condition S80Kr = S82Kr will never be fulfilled. In other words, the data points are not likely to fall along the line (b). The relative abundances of the krypton isotopes which are being considered here are: 80Kr : "Kr : "Kr = 0 .0397 : 0.202 : 1.000.
Since the cosmic-ray production ratio for the krypton isotopes is roughly 1 : 1 : 1, we have a 5 a. It follows then that in equations (8) and (9), Iµ + a I < I2µ +j31
and hence the condition S80Kr = 6112 Kr = k can not be fulfilled. The case of xenon is interesting in that it seems to be intermediate between oxygen
and neon. For xenon, we may write the equations (Q/P)1 = (Q/P)2 11 + (ml m2) • µ + a 1 (13), and (RIP) 1=(R/P)2 it+(m1 -m3)•µ+aj (14), where P, Q and R are the abundances of 132Xe, 126Xe and 124Xe, respectively; and m 1 = 132, m2 = 126 and m3 = 124. Figure 10 shows the relationship between p and a/a calculated from the equations (18) and (19). -Since the cosmic-ray production ratio of 124Xe/126Xe is about 0.6 and the ratio of R/Q in the atmosphere is 0.096 : 0.090, we have (0.6) (0.090) 0/a ~ (0 .096) = 0.56, which is shown in Fig. 10 as the dotted line (a). According to KURODA and MANUEL (1970) , the abundance ratio 132Xe : 134Xe : 136Xe in carbonaceous chondrites tells us the extent to which the xenon isotopes are mass fractionated in the meteorites relative to the atmospheric xenon. The 136Xe/132Xe ratio in the atmosphere is 0.330 and that in the average carbonaceous chondrites (AVCC) is 0.321. The difference corresponds to a value of p = 0.007, as it is indicated by the dotted line (b) in Fig. 10 . The lines (a) and (b) intersect at X in Fig. 10 , which lies near the curve along which the condition 6124Xe = 8126Xe is fulfilled.
After having examined the cases of oxygen and rare gas isotope anomalies, it is interesting to re-examine here the magnesium data obtained by LEE and PAPANASTASSIOU (1974) . The fact that the magnesium anomaly is much smaller than that found in oxygen can probably be explained as due to the fact that the abundances of 25Mg and 26Mg are not too low relative to 24Mg. The relative abundances of the magnesium isotopes are If the pattern observed in oxygen is due to mass-fractionation and cosmic-ray irradia tion, the effect should be much harder to be detected in magnesium, because of the much higher relative abundances of the light isotopes. In other words, magnesium isotopes have to be subjected to a much greater degree of alterations due to mass-fractionation and cosmic-ray irradiation in order to produce a pattern similar to that observed in oxygen.
Meanwhile, it seems that the conclusion that there is no direct correlation with the oxygen anomalies has to be re-examined. Figure 11 shows a plot of the 6180 and 626 Mg values for six samples from Allende, which are listed in Table 2 of LEE and PAPANASTASSIOU (1974) . Figure 11 differs from Fig. 2 of LEE and PAPANASTASSIOU (1974) in that the latter also contains a total melt value (8180 = 0, 626Mg = 0) and the sample B30 (Ca-Al aggregate, 626Mg = 3.00 ± 0.33, 6180 = 10 permil). Figure 11 seems to indicate the presence of a positive correlation as shown by the dotted line: the lighter Mg isotopes are slightly enriched in a sample in which the lighter 0 isotopes are enriched.
Such a positive correla tion is to be expected if the solar system materials were subjected to an `early' irradiation process. The existing data on the isotopic compositions of neon, argon, krypton and xenon in carbonaceous chondrites were re-examined.
Aside from the alterations of the isotopic ratios by the processes of radioactive decay, neutron-capture, etc., the rare gas isotope ratio data can be explained as due to the alterations caused by a combination of the processes of mass-fractionation and cosmic-ray irradiation. It is shown that the pattern observed by CLAYTON et al. (1973) in their plot of 6170 and 5180 for high-temperature minerals of Allende, Murchison, Murray, etc., can be explained in a similar manner.
